An improved method is proposed of determining magnetic anisotropy constants for Alnico monocrystals subjected to the optimal field treatment. The magnetic torque curves are measured for the (001) disk specimen in various intensities of magnetic field, and then they are resolved by a harmonic analysis to obtain the Fourier coefficients. By postulating a uniform precipitate structure in the specimen, the formulae can be derived by which the uniaxial shape anisotropy constant as well as the cubic crystalline anisotropy constant can be separately evaluated with due consideration for a field dependence of the coefficients. For an Alnico 5 monocrystal treated in the optimal condition, the erg/cm3, respectively. Furthermore, similar measurements are made on Alnico 5 specimens fieldtreated in some directions deviating from the cube axis. These results can reveal the limitations on applications of the present method.
I. Introduction
At present Alnico alloys possessing excellent magnet characteristics are most extensively used. The discovery of magnetic field treatment for the alloys") together with the development of anisotropic Alnico 5 magnet alloy (2) seems, however, that their results are not wholly satisfactory in respect to the specimens used as well as the methods used to determine it. In this paper, therefore, an improved method is proposed to precisely determine the magnetic anisotropy constants of Alnico monocrystals including the magnetocrystalline anisotropy constant.
The precipitation processes in Alnico alloys can be adequately described by the theory of spinodal decomposition (12) . When the field treatment is carried out along a crystallographic [100] direction of a monocrystalline Alnico, the spinodal decomposition may develop a regular precipitate structure in which elongated ferromagnetic particles are aligned with their long axes along the field direction. With regard to a lattice relationship, the particles are coherent with the matrix and consequently 'the whole material retains the initial monocrystalline state. It follows that all the precipitates are regarded as separated parts of which a single crystal is composed. It is expected, therefore, that all the precipitates may similarly contribute to the shape anisotropy as well as to the magnetocrystalline anisotropy of the material. This situation is quite different from that in the usual system of incoherent or non-spinodally decomposed precipitates. As a result, an Alnico monocrystal should exhibit two kinds of magnetic anisotropies; a uniaxial shape anisotropy and a cubic magnetocrystalline anisotropy.
In the present method the magnetic torque curves are measured on the monocrystalline specimen at various magnetic fields. Then, if the results are analyzed by taking account of the field dependence, the two kinds of anisotropy constants can be separately determined. In the first place the formulae necessary for evaluating these constants are derived through theoretical consideration on the basis of the abovementioned situation in the specimen.
On a monocrystalline specimen of Alnico 5 subjected to the optimal heat treatment, the two kinds of anisotropy constants are determined by the present method. It is known that the precipitates in Alnico alloys may somewhat change in particle geometry in accordance with conditions of the heat treatment. Yet the present method is applicable, independently of the particle size, to determine the anisotropy constants, even if the precipitates grow larger than the critical size for a single domain. Thus, for Alnico 5 specimens subjected to the field treatment with various cooling rates, the shape anisotropy constants are also determined. The results obtained are discussed in comparison with the precipitate structures observed by electron microscopy.
Furthermore, when the field treatment is carried out in any different direction from the [100] in a monocrystal of Alnico 5, the preferred orientation of the precipitates may possibly deviate from either the [100] or the field direction. Even in such cases, the present method would allow the shape anisotropy constants to be evaluated. It is proved, however, that these results are incorrect, since the precipitate structures in these specimens are not well fitted to the original model assumed in the formulation. In consequence, it is suggested how to verify the correctness of the evaluation in the present method.
II. Principle of the Anisotropy Measurement
The specimen used is an Alnico monocrystalline disk with (100) surfaces. We may assume that after an appropriate heat treatment, the specimen consists of an assembly of prolate spheroidal precipitates regularly aligned as schematically shown in Fig. 1 . Here the long Fig. 1 Model of the precipitate structure for Alnico monocrystal head-treated in a magnetic field.
axes of the particles make an angle a with the crystallographic [100], and the packing fraction of particles is p. If the particle interaction involved is taken into account according to Neel's approximation("), the shape anisotropy constant of the specimen, K,*, is given by (1) where Nb and Na are demagnetization coefficients along the short and long axes, respectively, and IS is the saturation magnetization of the particle. The magnetocrystalline anisotropy constant of the specimen, K*, is given by (2) 
Now, let us eliminate the variable ¢ from the torque equation by using eq. (4). If H is suffivery small in the same order as the above. At the high field approximation, therefore, we can rewrite eq. (4) as (5) (5') Putting these expressions into eq. (4) and making use of the method of undetermined multipliers, we can determine the coefficients a, b and c. Substituting these coefficients into eq. (5) and combinating it with eq. (3'), we can obtain the torque equation in which the variable (6) In deriving eq. (6), the terms with a factor of (K*1/K*u)2 or (K*1/K*u)3 as well as the terms with a factor of (K*u/I*sH)(K*1/K*u) or (K*u/I*sH)2 (K*1/K*u) have been neglected, since K*u is much larger than K*1 for Alnico alloys, as will be proved later. Now, when the torque curves are measured on a monocrystalline specimen of Alnico alloy at higher fields, the result must be described by Comparing eq. (6) with eq. (7), we can readily obtain the following relations: (8) (9) and (10) Using eqs. (8) and (9) erg/cm3. The differences in K*u and K*1 between the two specimens seem rather reasonable, since there might be a little difference in composition between the upper and the lower parts of the monocrystal prepared by the Bridgman method. Thus, for the monocrystalline Alnico 5 optimally heat treated, we obtain on average Table 3 . It is seen that as the cooling rate decreases, K*u increases. The precipitate structures were examined on the rectangular specimens subjected to the same treatment as the above. The observation was made on the (001) and (100) surfaces, which had been situated parallel and perpendicular to the treating field, respectively. The electron micrographs obtained are shown in Photo. 1; the upper pictures are for (001) and the lower for the (100). The bright area corresponds to the ferromagnetic precipitate phase rich in Fe and Co, while the dark area corresponds to the non-magnetic matrix phase rich in Ni and Al. Table 3 Effects of cooling rate.
The particle diameter and the axial ratio could be measured by inspection of their pictures.
The results obtained are shown in the third and fourth columns of Table 3 . The values of the axial ratio were so scattered that errors are unavoidable.
The last column of Table 3 shows the coercive forces of the same specimens obtained by hysteresis loop measurement. It is seen that the maximum coercive force is atNow, if the axial ratio is known for a prolate spheroid, the difference of demagnetization coefficients, (Nb-Na), can easily be calculated. The values obtained for the specimens are plotted against their Ku 's in Fig. 3 . Here it is to be noted that the errors involved in the axial ratio would not seriously affect the values of (Nb-Na), since (Nb-Na) is not so sensitive to the axial ratio. In Fig. 3 , the plots almost fall on a straight line drawn through the origin. On referring to eq. (1), the slope of the line must be given by p(l-p)I2s/2. On the other hand, the fluxmeter measurement gave I*s=pIs=1140 G. Hence, the slope value of the straight line in Fig. 3 and the value of pl., are combined to give p=0.68. This value is proved to agree with the packing fraction directly estimated by inspection of the electron micrographs in Photo. 1. Besides, the present value is reasonably situated among the values which were reported on the packing fraction in Alnico 5 by many investiWhen using p=0.68, K*1 is converted to the magnetocrystalline anisotropy constant referred zer (18) Fig. 3 Variation of uniaxial anisotropy constant K*u with (Nb-Na).
the [100], respectively, followed by the aging treatment (cf. Table 1 ). All the specimens had been cut out of the lower part of the monocrystal. The values of K*u were measured in the same way. Figure 4 shows the variation of K*u measured by fluxmeter measurement into the expression for the slope, we can estimate the value of the slope. In Table 4 , the estimated value is compared with the value obtained directly from Fig. 5 Table 4 . On the less, all the results are quite satisfactory. Electron microscopy revealed that the specimen has an ordered precipitate structure which can be approximated by Fig. 1 , and that the slope of B2-vs-1/H plot is in good agreement with that evaluated from eq. (10) as well. In this case, we can take the consistency in this slope value as K*u in the specimens. In Fig. 5 the values of the Fourier coefficients B2 are plotted against the reciprocal of the effective field. According to eq. (10), the plotted points must lie on a straight line whose intercept on the ordinate should be equal to-K*1/2. Figure 5 reveals that the linear relationship is valid, but there is a considerable discrepancy with respect to the inter- a columnar crystal, we shall be able to determine a reasonable average value of K*u by the present method.
V. Conclusions
A pronounced, uniaxial magnetic anisotropy is induced by the field treatment on Alnico magnet alloys. On the basis of the assumption that the Alnico monocrystal consisted of an assembly of prolate spheroidal precipitates congruent to each other, a method was proposed for determining its magnetic anisotropy constants. It consists of the magnetic torque measurements at various strong magnetic fields and the analysis of the torque curves with a parameter of the field strength. The method enables us to determine the uniaxial shape anisotropy constant and its direction as well as the magnetocrystalline anisotropy constant.
For the monocrystalline Alnico 5 optimally heat treated, the uniaxial shape anisotropy constant K*u and the magnetocrystalline anisotropy constant K*1 were determined by the It was found that as the cooling rate was decreased in the field treatment, K*u increased.
Electron microscope study of the precipitate structures revealed that the increase of K*u was in accordance with an increase in axial ratio of the precipitate. Besides, a packing fraction of the precipitates was 0.68 in Alnico 5.
The method was also applied to the specimens which were field-treated in different directions from [100] . It was found that K*u decreased with an increase of the deviation angle between the field and the [100] direction. In such a case, the easy axis was found in a different direction from the treating field. In the case where the treating field was deflected by 30° or more from the [100], a self-inconsistency was found in the torque analysis. This appears to be attributed to the fact that the precipitate structure in the specimen was considerably different from the uniform structure which had been assumed in the analysis. Thus, limitations on the applicability of the present method as well as a criterion for justifying the analysis were made clear.
